ABSTRACT Background: Previous research showed childhood obesity to be more strongly associated with maternal weight than with paternal weight. However, confidence in this finding is limited by the lack of objectively measured data from both parents. Objective: We quantified the individual and combined effects of maternal and paternal overweight/obesity on obesity risk in children. Design: Data were pooled from the annual Health Surveys for England carried out between 2001 and 2006. Families with 2 children aged 2-15 y with anthropometric data available for both parents and children were included (n = 4432 families, n = 7078 children). Weights and heights were measured by a trained nurse. Results: Having 2 overweight parents was associated with an increased risk of child obesity [odds ratio (OR): 2.2; 95% CI: 1.3, 3.7; P , 0.001] compared with having 2 normal-weight parents. Having 2 obese (including severely obese) parents was associated with a higher risk of child obesity (OR: 12.0; 95% CI: 7.2, 20.1; P , 0.01), and having 2 severely obese parents was associated with an even higher risk of child obesity (OR: 22.3; 95% CI: 10.3, 48.4; P , 0.01) independent of age, sex, socioeconomic status, and ethnicity. Mother-child associations (r = 0.27) for body mass index were significantly stronger than father-child associations (r = 0.23), even after adjustment for plausible levels (4%) of undisclosed nonpaternity. Associations were the same for sons and daughters but increased with age.
INTRODUCTION
Parental obesity is one of the strongest known risk factors for childhood obesity. Large-scale studies from Europe, Asia, and Australia found correlations between paternal or maternal body mass index (BMI) and children's adiposity of '0.20 (1) (2) (3) (4) (5) (6) (7) . Some studies also reported results in terms of risk of overweight/ obesity in children in relation to parental weight status (4, 7) , although comparisons between studies are difficult because both outcomes and reference groups vary. In a German sample, the risk of a child being overweight (including obese) was estimated for a child with 2 obese parents compared with 2 normal-weight parents [odds ratio (OR) for boys: 7.6; OR for girls: 6.3] (4). In a Japanese cohort, risks of a child being obese were estimated in relation to obesity in each parent separately (OR for paternal obesity: 1.7; OR for maternal obesity: 2.6) (7), but the reference group consisted of all other parents including parents who were overweight, which reduced the magnitude of the observed association. To our knowledge, no large study has quantified the risk of childhood obesity systematically across levels of parental weight.
There is particular interest in the relative magnitude of motherchild and father-child associations in relation to the possibility that maternal obesity contributes additionally to the child's weight either through fetal effects or as a consequence of the mother's dominant role in feeding decisions. However, all larger studies have depended on self-reported parental weights and heights, and paternal and maternal self-reports may not be equally accurate, especially when information on the father is obtained from the mother [as in the Avon Longitudinal Study of Parents and Children (ALSPAC)] (2). In the 1958 British birth cohort (1) , the smaller father-child correlations (0.15-0.21) than mother-child correlations (0.15-0.25) were attributed to the lower reliability of paternal BMI data.
Undeclared nonpaternity can also result in an underestimate of the observed father-child association. In ALSPAC (2), the observed difference between maternal and paternal associations was attributed to undeclared nonpaternity, although in an analysis that used fat mass as the adiposity indicator (3), the difference was larger and could not be explained by nonpaternity rates up to 20%. Similar results were reported from the Mater-University study (5) . However, none of these studies had objective anthropometric measures from both parents, and therefore a differential bias in paternal and maternal reports cannot be ruled out.
We used data from the Health Surveys for England (HSE) (8) (9) (10) (11) (12) (13) , which includes measured weights and heights for parents and 2 children, to estimate the individual and combined effect of maternal and paternal weight on obesity risk in children and to examine the age structure of expression of parental risk.
SUBJECTS AND METHODS

Study population
We pooled HSE data from surveys carried out between 2001 and 2006. The HSE is an annual, cross-sectional, national survey designed to be representative of the population living in private households in England. It adopts a multistratified probability sampling design by using the smaller-user postcode address file as a sampling frame. In eligible households, data are collected from all adults and 2 children aged 2-15 y old. Relationships between household participants are recorded. Response rates for individual years are available elsewhere (8) (9) (10) (11) (12) (13) , but in the 2006 sample, the response rate was 61%, with 55% of participants agreeing to height measurements and 53% of participants agreeing to weight measurements. According to the 2001-2006 population estimates, 48-49% of adults were men, whereas in the 2001-2006 Health Survey sample they represented only 43-45% of all interviewed informants; therefore, women were overrepresented in our sample. Men aged ,35 y were slightly underrepresented, and men .55 y were slightly overrepresented relative to their proportions in the census population for all years. There was a similar pattern among women; women aged ,25 y were underrepresented, whereas women aged 75 y were slightly overrepresented (8) (9) (10) (11) (12) (13) . This study was carried out under ethical exemption from the University College London Ethics Committee because it used anonymous data in the public domain (Office for National Statistics, London, United Kingdom), where appropriate permission was already obtained.
Inclusion criteria for the current analyses
In the main analyses reported in the current study, parents were only identified as such if they reported being the biological parents of the child, although we recognize this does not exclude all cases of nonpaternity, which we estimated by using sensitivity analyses. We also only included families with anthropometric data for both parents, although we checked comparability with the full dataset.
Anthropometric characteristics of the sample of parents in 2-parent households that were included in these analyses are very similar to the full sample that also included families with data from only one parent (data not shown). In the total sample of 8319 mothers, 22.7% of mothers were obese (compared with 22.9% of mothers in the current sample); in the 5443 fathers in the total sample, 23.4% of fathers were obese (compared with 22.9% of fathers in the current sample). Mean (6SD) BMIs (in kg/m 2 ) for mothers and fathers in the subsample were 26.83 6 5.58 and 27.47 6 4.09 compared with 26.71 6 5.63 and 27.47 6 4.13 in the full sample, respectively. The mean (6SD) age in the subsample was 38.25 6 6.54 y for mothers and 40.94 6 7.18 y for fathers compared with 37.60 6 7.03 y for mothers and 40.84 6 7.55 y for fathers in the whole sample. Mother-child and fatherchild correlations for BMI were also similar in the family sample used in this analysis and the full sample (family sample mother-child: r = 0.27; full sample mother-child: r = 0.27; family sample father-child: r = 0.23; full sample father-child: r = 0.22). Demographic data used in these analyses included socioeconomic status (SES) and ethnicity. SES was indexed on the basis of the occupation of the household reference person, who was defined as the householder with the highest income. For the current analyses, we categorized occupations as manual (skilled, semiskilled, and nonskilled) or nonmanual (professional, managerial-technical, and skilled professions). The ethnicity of each child was categorized as white (white British and white Irish), black/black British (African or Caribbean), Asian/Asian British (Indian, Pakistani, Indian-Caribbean, Indian-African) or other (Chinese, Japanese, Filipino, Vietnamese, or mixed ethnic group), on the basis of parental endorsement.
Measurements
Statistical analyses
Data were analyzed with the Statistical Package for the Social Sciences (SPSS) 16.0 for Windows program (SPSS Inc, Chicago, IL) and the Stata 10.0 for Windows program (StataCorp, College Station, TX). Descriptive statistics were completed for age, sex, ethnicity, occupation, height, weight, BMI (BMI-SD for children), and weight status. Logistic regression and linear regression were used to examine relations between parental weight status and childhood obesity and between parental BMI and child BMI-SD. The year of the survey, family SES, and child sex, age, and ethnicity were controlled for in the analyses. Clustering by family was controlled for in analyses that included both children by using the SPSS Complex Samples module (SPSS Inc). Analyses were also carried out for each child separately but these results are only mentioned if there are differences from the total sample. Analysis with the SPSS Complex Samples module (SPSS Inc) was also used to take into account the sampling method (a maximum of 2 children per family) by using a child-weighting variable on the basis of the weightings provided with each annual survey (8) (9) (10) (11) (12) (13) . However, results did not differ significantly from our original analyses and, thus, are not presented.
Sensitivity analyses were used to model the effects of nonpaternity rates between 1% and 10% on the basis of Clemon's method (17) . Formulae used for sensitivity analyses of nonpaternity were taken from the article by Clemons (17) and adapted for use with BMI following methods used in analysis of ALSPAC data (2, 5 where r ff is the variance of the father's BMI, r mm is the variance of the mother's BMI, r fm is covariance of father's and mother's height, p is probability that the reported father is not the biological father, and a is used to indicate the possible covariances between the mother's and biological father's BMIs; we assumed a to be equal to the covariance between the mother's and father's BMIs and used a = 1. Bootstrapping analyses were used to test differences between regression and correlation coefficients in models for maternal and paternal weight, including those adjusting for nonpaternity. Bootstrapping is a method for estimating the sampling distribution of a statistic (such as a mean or regression coefficient) by repeatedly sampling with replacement from the original sample. The sampling distribution is subsequently used to derive estimates of SEs and CIs of population values of the statistic. In these analyses, 1999 resamplings were used. P values and 95% bias-corrected CIs, the most accurate measure provided by Stata (StataCorp), are reported (18) . Missing data were excluded in regression analyses.
RESULTS
Data for 2 parents and 1 child were available for 4423 families with 7078 children aged between 2 and 15 y, of whom 4423 (62.5%) were the older child in the family (child 1) and 2655 (37.5%) were the younger child (child 2). Characteristics of the participants in the family sample are shown in Table 1 . On the basis of the SES of the household reference person, 41% of families were classified as manual, 57% of families were classified as nonmanual, and 2% of families were classified as unknown.
After we combined data across all years in the family sample, almost one-quarter (22.9%) of mothers and fathers were obese. Over one-third (38.2%, n = 1691) of families had 1 obese parent, with 7.7% of families having 2 obese parents (n = 340). The numbers of families according to combined parental weight status are presented in Table 2 .
Obesity prevalence did not show a significant increasing trend over the years included in this analysis for either parents or children ( Table 3) . Obesity rates were significantly higher in girls (7.3%) than in boys (5.7%), older children [(6-10 y of age (7.7%) and 11-15 y of age (6.4%) compared with children 2-5 y of age (5.0%)], children from ethnic minority backgrounds combined (8.6% of children from ethnic minority background compared with 6.0% of children from white families; a breakdown of the ethnic minorities is shown in Table 3 ), and children from lower SES households (8.6% of children from lower SES households compared with 5.0% of children from higher SES households). The year of the survey, family SES, and child sex, age, and ethnicity were controlled for in subsequent analyses.
Categorical associations for weight status
With 2 normal-weight parents, childhood obesity was rare (2.3% obese); with 2 overweight (but not obese) parents, the rate was higher (4.9%); with 2 obese parents, it was considerably higher (21.7%); and of these obese families, children with 2 severely obese parents had extremely high rates of obesity (35.3%). The association between childhood obesity and each parent's weight status is illustrated in Figure 1 .
We used logistic regression to assess the association between parental overweight/obesity and the child's risk of obesity and controlled for the year of the survey, SES, child age, sex, and ethnicity, and clustering by family (data not shown). Having 2 We also used logistic regression to compare associations with paternal and maternal weight, controlling for the year of the survey, SES, child age, sex and ethnicity, and family clustering (see Table 3 ). ORs associated with maternal weight status were higher than ORs associated with paternal weight status. Bootstrapping analysis showed that the difference between the 2 ORs for parents who were overweight had a standard score (0.197) that corresponded to statistical nonsignificance at P = 0.332, but for parent obesity, the difference between the 2 ORs had a standard score (2.02) that corresponded to statistical significance at P = 0.044. This indicates that maternal obesity was a significantly better predictor of childhood obesity than paternal obesity.
Quantitative associations between BMIs of parents and children
Simple correlations between parental BMIs and child BMI-SD scores are shown for male and female children and for child 1 and child 2 ( Table 4) . There were no significant differences between male and female children or between child 1 and child 2.
Because parental BMIs were themselves correlated (r = 0.19, P , 0.001), the association with child BMI for each parent included a component for the correlated adiposity of the other parent. Therefore, correlations between each parent's BMI and child's BMI were reduced in partial correlations that were controlled for the other parent's BMI (mother-child: partial r = 0.24, P , 0.001; father-child: partial r = 0.19, P , 0.001). Again, effects were very similar for child 1 and child 2 and in boys and girls (Table 4 ).
The association with child BMI was stronger for maternal BMI (r = 0.27) than paternal BMI (r = 0.23), and this difference was shown to be statistically significant (P = 0.005) by using bootstrapping. Significant differences in the same direction were also shown for all girls, child 1 girls, all child 2s, and child 2 girls (Table 4) .
In a linear regression that was controlled for age, sex, SES (manual compared with nonmanual), ethnicity (white compared with other ethnic groups), and clustering by family (data not shown), the standardized regression coefficients associated with maternal BMI were higher than paternal BMI (b = 0.23 compared with b = 0.18). Bootstrapping analyses supported a stronger maternal effect than a paternal effect, with the difference FIGURE 1. Frequency of child obesity by parental weight status (n = 7078).
TABLE 4
Association between maternal or paternal BMI and child BMI (converted to standardized scores) between the 2 b coefficients having a standard score of 2.443, which corresponds to statistical significance at P = 0.0146.
Nonpaternity analyses
In any family sample there is likely to be a degree of unrecognized or undeclared nonpaternity. The results of sensitivity analyses assuming levels of nonpaternity from 1% to 10%, on the basis of Clemon's method (17) are shown in Table 5 . With the use of regression-adjusted BMI, the difference between maternal-child and paternal-child associations decreased with higher levels of assumed nonpaternity but did not become nonsignificant (P . 0.05) until 4% nonpaternity.
Midparental BMI as a predictor of child adiposity
Given the similarity of maternal and paternal risk and the absence of any interaction, we used midparental BMI to obtain a single indicator of parental risk to examine the variation in expression of risk by the age of the child. Midparental BMI was strongly correlated with the BMI-SD of the child (r = 0.33, P , 0.001). Midparental BMI predicted 12% of the variance in the BMI-SD of the child (b = 0.33, t = 22.65, P , 0.001) compared with a total of 12% when the results of each parent were entered separately (BMI of father: b = 0.18, t = 13.60, P , 0.01; BMI of mother: b = 0.23, t = 16.33, P , 0.01). Adding child age, sex, ethnicity, and SES into the model produced a further increment in explained variance (R 2 change = 0.1, F change = 12.36, P , 0.01), with significant independent effects for SES (b = 0.03, t = 2.36, P , 0.01) and age group (b =0.07, t = 6.75, P , 0.01).
There was a significant interaction between midparental BMI and child age (b = 0.09, t = 7.31, P , 0.01). Separate analyses by age group showed that midparental BMI explained less variance in the child BMI-SD of 2-5-y-olds (4%) than in the child BMI-SD of 6-10-y-olds (13%) or 11-15-y-olds (15%). This is illustrated in the regression lines in Figure 2 , which show that the association between parental BMI and child BMI is similar for 6-10-y-olds and 11-15-y-olds but weaker in 2-5-y-olds.
DISCUSSION
In this large population-based sample, which benefited from measured parental anthropometric data, we confirmed the conclusion from studies using self-reported parental weights (1-7) that parental adiposity is associated with child adiposity. We also quantified the effect of parental adiposity. Families with 2 normal-weight parents had a low rate of childhood obesity (2.3%), but only 14% of the families were in this group. There was a steadily rising risk across parental overweight, obesity, and severe obesity, with child obesity rates of 4.9% in families with 2 overweight (but not obese) parents, 21.7% in families with 2 obese (including severely obese) parents, and 35.3% in the small group of families with 2 severely obese parents. Effects were equivalent for sons and daughters and for older and younger children. Given that rates of severe obesity in adults are rising rapidly in many countries (19), effects on childhood obesity are likely to be dramatic. As others have shown (2), the maternal effect was stronger than the paternal effect, and we confirmed this by using bootstrap analysis. This was true for boys and girls, with no evidence for any sex-linked association. Because we used measured parental weights, differences between mother-child and father-child associations could not be due to different reporting biases in mothers and fathers. The maternal effect was also stronger in the more-sensitive analyses that used continuous measures of adiposity.
One explanation for a lower paternal effect could be undisclosed nonpaternity in some of the families, so we used Clemon's method (17) to model the effect of nonpaternity rates from 1% to 10% (assuming nonbiological fathers contributed zero to their child's obesity risk). These analyses indicated that the observed maternal-paternal difference could not be explained without 4% nonpaternity in the sample, which was similar to the results from ALSPAC (6%) (2). Crucial to interpretation of these results is the true underlying rate of nonpaternity. Despite some lurid figures suggesting rates as high as 20% (sometimes publicized by companies that market paternity testing), recent reviews indicate that where DNA testing is used, rates of nonpaternity are ,3% and often '1-2% (20, 21) . Because the current results also avoid uncertainties about the differential reliability of self-reports of weights of mothers and fathers, they substantiate the case that intergenerational effects are slightly stronger for mothers than fathers. This could be due to a direct effect of the maternal uterine environment on offspring adiposity, as has been implicated in many animal studies (22) (23) (24) (25) . It is also possible that maternal feeding strategies might contribute to these effects, perhaps because of lower control among families with obese mothers (26) .
As is well established from other reports from the HSE (27-29), obesity rates were higher in children who were older and from families with lower SES or black/Asian ethnic origin. Female sex was also a significant risk factor for child obesity. All these effects were independent of parental BMI. The only variable to show a significant interaction with parental BMI was child age, with a stronger effect of parental BMI in the 2 older age groups than in the 2-5-y-olds. This suggests that the effect of parental adiposity emerges progressively over early childhood but is well established before 10 y of age (30) . We did not see evidence that parental obesity had a stronger adverse effect in families from lower SES backgrounds, as was reported in a smaller longitudinal study of the growth of twins (31) . However, results from longitudinal and cross-sectional studies may vary if the distribution of SES changes over time.
The high risk associated with parental obesity, which was dramatically observed in families with 2 obese parents, highlights the importance of early intervention, ideally before parental risk becomes fully expressed in the next generation. With almost 1 in 10 families in this population-based sample having 2 obese parents, and the risk of their children being obese exceeding 20%, targeting obese parents to help them reduce their child's risk could make a major contribution to avoiding a heavy burden of ill health in the next generation.
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